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By Dv Feigenbaum 


SUMMARY 


Tests were made in the Langley stability tunnel to 
compare the drag of airplane configurations having con- 
ventional bodies with that of an airplane configuration 
intended to carry cargo in a detachable airfoil-shaped 
body. The results of these tests are presented graphi- 
cally. An analysis of the performance and longitudinal 
stability and control characteristics of a lifting-body 
cargo airplane is also presented, and this type is com- 
pared with a more conventional cargo airplane. 

Comparison of the polers obtained by the analysis 
with the experimental results obtained for a specific 
model shows that the methods used will give reasonably 
good comparative performance estimates. Although the 
specific assumptions used may be open to question, the 
comparison of the proposed design with a conventional 
airplane indicates the practicability of the design. No 
further investigation of the general aerodynamic charac- 
teristics of the lifting-body type of airplane is con- 
sidered necessary. 


INTRODUCTION 


At the request of the Army Air Forces, Air Technical 
Service Command, a preliminary investigation of the draa 
of several configurations of a lifting-body cargo airplane 
was conducted in the Langley stability tunnel. 
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In order to investigate the aerodynamic character- 
istics of such a cargo airplane, an analysis was made of 
the performance ana of the longitudinal stability and 
control characteristics of a specific design. The methods 
used and assumptions involved in the analysis are presented 
in the appendices. The stability and control analysis 
considered mainly the effect of body location and center- 
of -gravity location on the tail area required. 


COEFFICIENTS AND SYMBOLS 


The coefficients and symbols used in this report are 
defined as follows: 

L lift 

D drag 

M pitching moment measured about quarter-chord point 

Ct lift coefficient = 

- u 

Cp drag coefficient = ~ 

Cp o prof i le-drag coefficient 

C ra pitching -moment coefficient about quarter-chord 

• I M 

point = — — 
qsc 

C m pitching-moment coefficient at zero lift 
S projected area 

S' wing area not covered by cargo body S = kS ' 

S" projected area of test models 
c chord 

b span 

J distance of tail quarter-chord point from wing 

quarter-chord point 

a distance of body quarter-chord point ahead of wing 

quarter-chord point 


- 
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distance of center of gravity behind wing quarter- 
chord point 

x n 

3 

distance of neutral point behind wing quarter-chord 
point 

distance of center of gravity behind cargo body 
quarter-chord point 

R 

flight range 

hp 

horsepower 

A 

aspect ratio 

W 

weight 

Wf 

weight of fuel 

f 

fuel consumption rate 

q 

V 

1 p 

dynamic pressure = ~pV 
airspeed 

p 

air density 

T] 

engine -propeller efficiency 

a 

angle of attack 

a o 

section angle of attack 

a i 

induced angle of attack 


Aa-f effective change in angle of zero lift due to flap 


C L a 

deflection 

dC L 

da 

6 

angle of deflection of flap or control surface 

i 

angle of incidence 

€ 

downwash angle at tail 

* 
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Subscripts : 
b refers 

to 

cargo body 

c +■ b 

refers 

to 

cargo body and booms 

t 

refers 

to 

horizontal tail 

s 

refers 

to 

vertical tail 

f 

refers 

to 

flap 

c 

refers 

to 

cargo 

n 

refers 

to 

engine nacelles 

e 

refers 

to 

airplane with cargo body off 

w 

refers 

to 

wing, w'hen used, otherwise w 


have no subscripts 
ra refer*s to scale model 

1 refers to the spanwise portion of wings without flaps 

2 refers to the flapped spanwise portion of the wing 

outside the slipstream 

3 refers to the spanwise portion of the wing in the 

slipstream 


MODELS 


Tests were made on simplified models representing 
several configurations of a cargo airplane using a large- 
chord short-span airfoil-shaped body and twin booms. The 
body had a section with a 0.25c maximum thickness at O.JxOc 
and a maximum camber of 0.02c at O.kOcj the chord c 
was 30.2 inches and the span was varied; l+- > 12-, and 22- inch 
spans were tested. The body-boom combinations, body alone , 
and booms alone were tested on the wings. In one of the 
tests of the booms, the wing, chord between the booms was 
increased by extending the leading edge 23 percent. For 
comparison, tests were also made on more conventional 
bodies; one of ^ by 7*55-i n ch rectangular cross section, 
and another of 6-inch-di ameter circular cross section. 
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geometrically similar to the fuselage of the Douglas C~ 74 » 
The conventional bodies have cargo capacities approxi- 
mately equal to that of the 4-inch cargo body. Illus- 
trations of these models are shown in figures 1, 2, 5, iq, 
and 5 • 


All the bodies were tested on the same 12 -inch-chord 
dural airfoil of NACA l| 3 l 8 section, which completely 
spanned the tunnel. The cargo-body models were mounted 
so that their quarter-chord points were 6.58 inches ahead 
of the wing quarter-chord point. The right end of the 
airfoil passed through the tunnel wall and was fastened 
to the balance frame outside the tunnel. The gap around 
the wing where it passed through the tunnel wall was 
about l/lb inch wide. The left end of the airfoil came 
almost to the tunnel wall, leaving approximately a l/lb-inch 
gap between the wing and the wall. This end of the air- 
foil was mounted on the balance frame by means of a shaft 
which was fastened to the end of the wing and passed 
through the tunnel wall. The construction of the wing 
and mount can be seen in figure 2, and a model with the 
same configuration as shown in figure 2(a) is shown 
mounted in the tunnel in figure 5» 


TESTS AND RESULTS 

The tests were made in the 6- by 6-foot test section 
of the Langley stability tunnel at a constant dynamic 
pressure q of 6I4..3 pounds per square foot, corresponding 
to a Reynolds number of l.lqlq x 10 ° based on the 1 -foot 
wing chord. Measurements were made of lift, drag, and 
pitching moments. The data wsre corrected for tunnel- 
wall effects and are presented in standard NACA coefficient 
form. 


The results of the tests are shown in figures 6 
through 16 . A resume of the tests and results is given 
in the following table: 
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Model configuration 


Figure no. 


Wing alone 


n 

f 


Wing + 22- inch cargo body + booms \ 0 

Wing + 12-inch cargo body + booms > i w = 0 
Wing + Ip-inch cargo body + booms j 


lo 


>i w 


Wing + 22- inch cargo body + booms, i w = 0 , 2— , 5 

Wing + 22-inch body"! 

Wing + 12- inch body > i w = 0 

Wing + [(.-inch body J 

Wing + booms at 22-inch spacing constant 
chord wing 

Wing + booms at 12-inch spacing constant 
chord wing 

Wing + booms at [(.-inch spacing constant 
chord wing 

Wing alone 

’Wing + 12-inch cargo body + booms 

'Wing + 12-inch cargo body < 0 

Wing + booms at 12-inch spacing constant >i w = 0 
chord wing 

Wing + booms at 12-inch spacing increased 
chord wing between booms 


5-inch conventional body, i w = O' 


i = 0 U 

1 w u » 


Circular body, high wing. 
Circular body, low wing, 

Wing alone 

Wing + [(.-inch cargo body + booms 


2r° 
^ ’ 
,lo 


r\ O Q x w r ^ 

— 0 9 ^2 > ) 


W 


ns i 

7 C iw = 


Wing + conventional body 
Wing + circular body, high wing 
Wing + circular body, low wing 

Wing + 22-in c'n cargo body + booms') c 
Wing + 22-inch cargo body + booms > i w = 0 


6 

7 

8 

9 


10 


11 


12 

13 

lit 

15 

16 


extended T.E. 
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The tests on tlie wing alone can be considered as two- 
dimensional tests, ana the data in figure 6 are section 
date. The other tests are of three-dimensional bodies 
superimposed on a two-dimensional wing. 

The data presented in figures 8 and. 13 cannot be 
compared directly with the other data presented, since 
the tests from which the results on these two figures 
were obtained were run with the gap around the wing at 
the tunnel wall sealed. These two figures are comparable 
only within themselves to show the effects of wing inci- 
dence. All other data were obtained with the gap around 
the wing unsealed. 


DISCUSSION 
Test Data 


The drag data from the tests were broken up into 
several components to determine where the drag could be 
reduced. All the drag coefficients were based on the wing 
area of 6 square feet. Figure 17 shows the values of 
minimum drag coefficient of the various components of the 
cargo airplane. The variation of the cargo-body drag 
increment with body width (from fig. 9) was not zero when 
extrapolated to zero body width. The skin friction of 
the sides of the cargo body was calculated at a Reynolds 
number based on the test airspeed and body chord, assuming 
a turbulent boundary layer on the body sides. The computed 
skin-friction drag coefficient coincided with the drag' 
increment at zero body width. 

From the tests of the booms alone on the wings (see 
fig. 10), the drag of the booms was found to be independent 
of the boom soacing. Also, there seemed to be no drag 
interference between the booms and cargo body, because 
the increment of drag added by the booms was the same 
whether or not the cargo body was present. This can be 
seen clearly in figure 17. 

Tuft studies were made and showed that the flow at 
the trailing edge of the airfoil-section cargo body was 
always separated. The flow on the upper surface was 
separated to some extent near the trailing edge even at 
-0 angle of attack. This separated flow occurred on the 
body when tested either with or without the booms. In 
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an attempt to eliminate the flow separation, the cargo- 
body length was increased 10 percent by extending the 
trailing edge as shown In figure 1, thereby reducing the 
tr ailing-edge angle from 50° to about 30°. Tuft tests 
showed that this modification eliminated the flow sepa- 
ration on the upper surface for the negative angle-oi- 
atr-ack range, and made it less widespread for small 
positive angles of attack. Force bests showed that the 
drag was decreased in the minimum drag range. The ^ 
results of these force tests are shown in figure 16. 

figure 11, it can be seen that the booms nate 
some interference effect on the pitching moments of the 
cargo bodv. Adding the booms to the wing and cargo-body 
combination produced a pitching-moment increment greater 
than that produced by adding the booms to the wing alone. 
This is probably a result of the interference effects 
between the forward portion ox the cargo cod~j and the 
large portion of the booms extending in front of the cargo 

body. 


Analysis 


The data were applied to an analysis of the perform- 
ance and the longitudinal stab ill ty and control character- 
istics of a full-size cargo airplane utilizing the airfoil- 
shaped cargo body. However, no attempt was made to esti- 
mate the control forces. The specific design chosen i or 
analysis was suggested by Col. C. F • Greene, Liaison 
Officer between the Air Technical Service Command and the 
Langley Laboratory of the National Advisory Committee for 
Aeronautics. The characteristics of the airplane are as 
follows : 


The airplane considered is a four-engine h3^gh-wing 
cargo carrier, designed to accommodate oulky and heavy 
equipment and material. The body for carrying the cargo, 
which is detachable for simple and rapid loading and 
unloading, has an airf oil-shaped, longitudinal section. 

The remaining portion of the airplane is a complete ilyable 
unit in itself. A three-view drawing of the basic airplane 
is shown in figure l8, and the main dimensions are listed 

in t ab le I . 


The methods used in the analysis and the values 
assumed or estimated for the various parameters are given 
in appendix A. An analysis of the test data to jus^ixy 
some of the assumptions made is given in appendix B. 
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The values given in table II and in figures 19 
through 22 are only approximations, since the drag data 
were estimated, or taken from low Reynolds number tests 
of a simple body and boom combination mounted on a 
cons t ant -chord wing which completely spanned the wind 
tunnel. In order to justify the method used in estimating 
the drag characteristics, a lift-drag polar was estimated 
for the Douglas C-7^-> using the test data in figure lip for 
the model with the circular fuselage and low wing at 

2-g incidence. In figure 19, this polar is compared with 

data obtained from tests of a complete 0-7^4- model. The 

comparison between the computed and measured drags of the 
C —Tip indicates that the method of estimating the drag is 
satisfactory. 


Performance . - The drag of the complete airplane was 
estimated, as shown in appendix A, from the test data, with 
a suitable allowance made for the decrease in drag when 
booms not extending in front of the body are used. The 
estimated lift-drag polars for the complete airplane, and 
the airplane with the cargo body removed and the drag 
equivalent of flat plates of 0-, ’yO - , and 100-square-f oot 
areas placed between the booms to represent large items 
of cargo hung from the wing but not enclosed in the body, 
are shown in figure 20. 

It is desirable to compare the lifting-body type of 
airplane with a more conventional cargo airplane in order 
to show their relative performance. The C-7^4- cargo air- 
plane, however, cannot be used for this comparison because 
the sizes and wing loadings are different for the two air- 
planes. In order to compare the two types of airplane on 
the same basis, the polar was estimated for an airplane 
with a fuselage similar to that of a C-7i+, but with a cargo 
volume, gross weight, and wing size and plan form the same 
as those of the lifting-body design. The drag coefficients 
of the airplane are compared with those of the lifting- 
body airplane in figure 20. The minimum drag coefficient 
of this comparison airplane was slightly lower than that 
of the complete cargo airplane ( 0.0223 as compared with 
0 . 0237 ). 

Power required versus speed curves were drawn from 
the estimated lift-drag polars. A power available versus 
speed curve for normal rated power (8800 bhp) was estimated 
from the engine-propeller characteristics. The estimated 
power curves and a curve showing the power required to 
overcome the induced drag at a wing loading of Jq.0 pounds 
per square foot is shown in figure 21. 
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Also shown is the power required for the large conven- 
tional type of airplane for comparison. This conven- 
tional type is the one mentioned previously, which has a 
fuselage similar to that of the C-7^1 but with its weight 
and wings the same as those of the lifting-body cargo 
airplane . 

The see-level performance of the cargo airplane was 
estimated from the power curves for three conditions: 
body on, design gross weight; body on, light load (as at 
the end of a long-range flight); and body off, light load. 
The cargo load versus range characteristics at constant 
brake horsepower and at constant lift coefficient, which 
are presented in the form of curves in figure 22, were 
estimated from the power curves end fuel consumption data 
of the engine at minumum horsepower required (1+7^0 Q hp) 
and at 6000 bhp and at the maximum lift-drag ratio. Flight 
at the maximum lift-drag ratio represents the most effi- 
cient flying conditions, and the maximum range for any 
loading may be attained by this method. However, it is 
easier for the pilot to fly at constant brake horsepower, 
since this requires a single throttle setting and no 
adjustments of power during flight* 

The landing speed was also estimated. The maximum 
lift coefficient was obtained from figure 6, and an incre- 
ment in section lift coefficient resulting from a flap 
deflection of about 50 ° was estimated from data in refer- 
ences 1 and 2. The effect of half rated power on the 
maximum lift coefficient was obtained from data on tests 
of powered models of multiengine airplanes. This lift 
coefficient determined the landing speed. 

The maximum level speed, maximum rate of climb, 
speed for best climb, and landing speed for the three 
loading conditions mentioned above and also the maximum 
range for three flying conditions are presented in table II 
The values given are for sea-level performance. 

Figure 21 seems to indicate that greater power would 
be required by the conventional-body airplane "than by the 
lifting-body airplane at low speeds, but actually this 
would probably not be so. The model from which the drag 
coefficients for the conventional body were estimated had 
no fillets, and with the type of fuse iage -wing juncture 
used, proper filleting would greatly reduce the drag, and 
hence the power required at low speeds* Thus, to be fair, 
the low-speed characteristics should not be compared 
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directly, and, therefore, the range, landing speed, and 
rate of climb should not be estimated for the conventional - 
body airplane from the power curves shown. However, at 
high speeds, where the filleting has little effect, the 
power curves for both types of cargo airplane ai’e very 
closely similar, indicating that the fuselage shape in 
this case makes only a small difference in the perf ormance. 

Longit udinal stab ility and co ntrol. - The estimated 
longitudinal stability and control characteristics are 
summarized in the form, of horizontal-tail area required 
for various cargo-body locations. The most critical 
requirements were for stability with the center of gravity 
in its most rearward position and for trim in the landing 
attitude with a fixed stabilizer with the center of gravity 
in its most forward position. The tail area required for 
any body-wing configuration and center-of -gravity range 
is shown in figure 2j. The curves sloping downward to the 
right indicate the tail area required for power-off neutral 
stability; the curves sloping upward to the right indi- 
cate the tail area required to trim the airplane in the 
landing condition with the body on, fully loaded; the 
horizontal line indicates the tail area required to trim 
the airplane for landing with the cargo body off. The 
dotted lines have the same significance as the solid lines, 
except that they show the tail area required with all the 
centers of gravity in their normal positions. The normal 
centers of gravity are: 

Airplane, body off 30 percent M.A.C. 

Cargo body 35 percent body chord 

Cargo 35 percent body chord 

The center of gravity of the airplane with the body 
off was varied *5 percent mean aerodynamic chord, and the 
cargo center of gravity was varied ±5 > *10, - 15 > *20, 
and ±25 percent mean aerodynamic chord from the normal 
position. The body-off center of gravity was considered 
to be in its maximum forward position when the cargo was 
forward, and vice versa. 

With the body off, and for the center-of -gravity 
range chosen, the minimum tail area required to trim the 
airplane in landing is l8.8 percent of the wing area, the 
absolute minimum of tail area required for the airplane 
regardless of cargo center-cf-gravity position or body 
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location. However, the restrictions imposed by the cargo 
center-of-gravity position or body location may require 
a larger minimum tail area. For example, suppose the 
maximum rearward cargo center-of-gravity shift is limited 
to 15 percent mean aerodynamic chord and the maximum 
forward shift to 20 percent mean aerodynamic chord. The 
body position at which the same tail area will be just 
sufficient for both stability and trim will be found at 
the point of intersection of the curves in figure 2 3 for 
the cargo center of gravity 15 percent benind and 20 per- 
cent ahead of the normal center of gravity. The minimum 
tail area required for this condition is 19-9 percent of 
the wing area, and the body location to meet these con- 
ditions is such that the body quarter-chord point is 
9 percent mean aerodynamic chord ahead of the wing quarter- 
chord point. If the" body is located farther ahead of the 
wing, a larger tail area will be required to trim the air- 
plane for landing; this tail area will be more than suf- 
ficient to give neutral stability. If the maximum forward 
location of the cargo center of gravity in the above 
example is restricted to 10 percent ahead of the normal 
position, then the minimum tail area is governed by the 
requirements for landing with the body off, and will be 
independent of body location, as long as the body quarter- 
chord point is located between 12 and l6.p percent mean 
aerod 7 /namic chord ahead of the wing quarter-chord point. 

The curves in figure 23 , however, are generally 
applicable only to power-off flight, since the effects 
of power were neglected in the calculations on which the 
curves were based. The effects of power would be difficult 
to determine without making further tests. Probably, how- 
ever, with oower on, the tail area required for stability 
would be increased while the tail area required for trim 
would be decreased. Figure 23 shows that the effect on 
the minimum tail area required will depend on the relative 
magnitude of the stability and trim effects of power, out 
regardless of the relative magnitude of these effects, 
the body location that requires the smallest tail area 
will be further forward than indicated in figure 23 . 

In figure 2lj. is shown the variation of the center of 
gravity of^the complete airplane with cargo-body location 
for different cargo center-of-gnavi ty locations. The 
cargo-body location and center-of-gravity locations 
correspond to those shown in figure 23 on the curves which 
indicate the tail area required for neutral stability. 

Since the center-of-gravity location in a neutrally stable 
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airplane corresponds to the airplane’s neutral point, 
the center of gravity of the airplane from figure 2lj. cor- 
responding to any given cargo body and cargo location will 
give the neutral point corresponding to the horizontal tail 
area found in figure 23 from the same cargo body and cargo 
location. Thus, the power-off neutral point of the cargo 
airplane may be found by use of figures 23 and 2l+. 

Once the neutral point is determined, the static 
margin for any center-of-gravity location may be ascertained 
by finding the distance between the neutral point and the 
center of gravity. Figure 24 may be used for finding the 
static margin for any of the conditions in the range cov- 
ered by this figure. However, to be perfectly general for 
any combination of centers of gravity of the empty airplane 
and cargo load, the center of gravity of the complete airplane 
may be calculated by use of equation ( A-5 ) in appendix A. 


CONCLUDING REMARKS 


The performance and longitudinal stability and control 
characteristics estimated in this report are only approxi- 
mations, neglecting certain factors and making assumptions 
or estimations of others. However, a comparison of the 
polars obtained by the method of analysis used with experi- 
mental results obtained for a complete model of a specific 
airplane shows that the method will give reasonably good 
comparative performance estimates. Comparison of the 
power curves for the proposed design with those for a 
conventional airplane of the same size indicates no great 
difference in potential performance. The analysis also 
indicates that stability and control problems are no more 
difficult to solve than for other large airplanes. There- 
fore, no further investigation of the general aerodynamic 
characteristics of the lifting-body type of airplane is 
considered necessary; however, the usual wind-tunnel tests 
of a powered model of any specific design would still be 
desirable. 

On the basis of the comparison made, any advantages 
which the lifting-body type of cargo airplane may have 
over the more conventional types are probably chiefly 


lit- 


MR No. L5S09a 


dependent on non aerodynami c factors, wnich were not con- 
sidered in this report* 
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APPENDIX A 

PERFORMANCE C ANGULATIONS 
(All performance figures are at sea level.) 


Drag . - The minimum profile drag was estimated by 
adding increments of drag coefficients due to wing, cargo 
body, booms, tail, and engine nacelles. The coefficients 
were all based on the total wing area, including that 
part within the booms and cargo body. 

fs - SOON 

Wing increment = 0 d Ow ^ ~~ — J = 0,00971; 

where 0 d o ^ = 0.0110 (fig. b.) 

S = 1075 sq ft 

500 is the wing area within the cargo body. 

3 ft g-i 

Body and boom increment = Cp. ~ — = 0,00961 

°c+b 0^0 

where C D = 0.0102. (See appendix b end fig. 17 .) 

°c+b 

S M = 6 sq ft 
S 'V, = 1.888 sq ft 

S b = 1300 sq ft 

m .. . t /St+s \ 

Taxi increment = Cd 0 ; J = :0. 00259 

Cb d is the minimum profile-drag coefficient of NACA 

0009 = O.OO 7 I; (reference 3). 

S t+s = 35 percent S. 

l+S 

Engine nacelle increment = = O.OOl^lx 

°n S ' 


'Dc 


= 0,092 (reference i;). 


n 


S n = I 5.9 sq ft 
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Total minimum drag coefficient; 

Cjj = 0,00971+ + 0.00961 + 0.00259 + 0.003 54 = 0.0255 

The minimum profile -drag coefficient for the Douglas 
C-74 was calculated in the sane manner from data in fig- 
ure 3.1+ with the wing incidence at 2~ . These data are for 

tests of a fuselage representing the C-74> and the minimum 
profile drag i3 

Cr> = Cn + body increment + tail increment + engine 
nacelle increment = 0,021+5 


C n = 0.0110 
D °w 

s ,J 

Body increment = Cp 0 , o 3 -^ = 0,00853 
S" = 6 sq ft 


S m is the wing area which a scale model with the 
same body would have = 5*6 sq ft 

St 

Tail increment = Cn-.. — = 0,00286 

°t s 


where the ratio of tail to wing area corresponds 
of the full-size airplane. 


Nacelle increment 




0,00251+ 


to that 


Lift-drag polars.- The estimated lift-drag polar for 
the D o ug las'" G'-?^ is shown in figure 19 . Mth it are shown 
experimental values of the lift and drag of a complete 
model of the C-7I+. These experimental data were obtained 
at approximately the same Reynolds number and turbulence 
factor as the present tests. The disagreement between 
the estimated and experimental polars at high lift 
coefficients results from the fact that the data in 
fivure ll+ were obtained from tests of a low-wing and 
circular -fuselage model without fillets at the wind- 
fuselage juncture, which leads to early separation and 
high drag' at moderately high angles of attack, "be 
agreement between the estimated and experimental values 
throughout most of the lift range indicates that the 
method used for obtaining the lift-drag polars is fairly 

good . 
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A lift-profile-drag polar was drawn approximately 
parallel to the polars in figure 7 for the wing 12-inch 
body-boom combination, but using the minimum drag coef- 
ficient estimates above. The induced drag of the wing, 

C 1 / 

equal to was sdded to the values of drag obtained 

from this polar where Cp is the lift coefficient corre- 
sponding to the profile-drag coefficient on the polar, 
and A is the wing aspect ratio of 9*15* 

In figure 20, the complete airplane lift-drag polar 
is shown, and with it are compared the polars for the 
cargo airplane with the body off, and with the body replaced 
by drag equivalent to flat pistes of 50 snd 100 square 
feet. 


In order to make the comparison between the lifting 
body and the conventional body directly, the drag was 
estimated for an airplane with a body the shape of that 
of the C— 7 I 4 . but with a cargo space, gross weight, and 
wing area the same as that of the lifting-body airplane 
being considered. The calculations were made in the same 
manner as above, and the minimum profile -drag coefficient 
was estimated to be 0.0217. Using the lift-profile-drag 
polar from figure 1I4. as before and adding the wing induced 
drag, the value of minimum drag coefficient was found to 
be 0.0223, and the complete polar is shown in figure 20. 

Power curves.- The horsepower required was calculated 
from the relationship : 

C D (Sp/2)v3 

hp r = — ( A- 1 ) 

550 

where Cp drag coefficient at a given lift coefficient 

S = lj-375 sq ft 
p = 0.002378 slug/cu ft 

V = airspeed, ft/sec; calculated from the given lift 
coefficient for wing loadings of IpO lb/sq ft for the fully 
loaded airplane, 25 lb/sq ft for the lightly loaded air- 
plane, and 20 lb/sq ft for the airplane with the body off. 

The horsepower-available curve was prepared from an engine- 
propeller characteristic chart for full rated power (08OO hp). 
The power curves are shown in figure 21. 
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Performance.- The maximum speed occurs where the 
required horsepower is equal to the available horsepower, 
that is, where the power curves intersect. The speed for 
the best climb occurs at the speed where the difference 
between the horsepower available and the horsepower required 
is greatest, and can be found from the power curves where 
the difference in ordinates is greatest. To find the maxi- 
mum rate of climb, the maximum excess horsepower is 
multiplied by 55O to get foot-pound per second units of 
power and divided by the weight of the airplane to get 
the rate of climb in feet per second. 

The range was calculated at the maximum lift-drag 
ratio and at" two values of constant brake horsepower, the 
minimum brake horsepower required for the fully loaded 
airplane and an arbitrary value of 6000 brake horsepower. 

The minimum brake horsepower required (J4.78O bhp) was 
obtained from figure 21 by dividing the minimum value of 
the horsepower-required curve by the engine-propeller 
efficiency. In figure 22 is shown the maximum range that 
the airplane can be flown with any weight of cargo, 
assuming an initial gross weight of 175 > 900 pounds. 

The range at constant lift-drag ratio was calculated 
from the following equation: 


R = 375 * | lo 


Se 


W 

w - w, 


(A- 2 ) 


where L/D is the maximum lift-drag ratio obtained from 
figure 19, v, = O.8I4., f = O.i +7 


the 


At constant power, the range was 
equation 

Wf x V 

R = 

f x hp 


calculated from 


(A- 3 ) 


where V is an average between the full loaded and empty 
speeds for the given horsepower (fig. 20) 

f = 0 . 146 at )q760 bhp 

O.55 at 6000 bhp 
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Landing speed.- The maximum lift coefficient of 1.35 
was obtained from figure 6 , and the increment in section 
lift coefficient of 1.15 caused by the flaps was estimated 
from references 1 and 2. The assumption was made that 
landings would be made with half rated power, and the 
effects of power on the maximum lift coefficients obtain- 
able were estimated from data on tests of several powered 
wind-tunnel models. It was assumed that the effect of 
propeller operation was to increase the dynamic pressure 
over that part of the wing immersed, in the slipstream. 

The data used for the specific calculations were taken 
from the afore-mentioned tests of the Douglas C-7k since 
the 0-74 \xsed the same type of engine and is .almost as 
large as the cargo airplane considered in this report. 

The effective increase in dynamic pressure in the 
slipstream was calculated as follows: 

Aa a given angle of attacK, the difference between 
the lift coefficients with the power off end the lift 
coefficients with power on was measured for several model 
configurations. Assuming that the additional lift with 
the power on came only from that part of the wing immersed 
in the slipstream and that the power-off lift coefficient 
was uniform across the span (since the model had full-span 
flaps), the measured lift coefficient increment was 
divided by the fraction of the wing area immersed in the 
slipstream and added to the power-off lift coefficient 
and this sum was divided by the power-off lift coefiicient 
to get the ratio of dynamic pressure in the slipstream 
to the free-stream dynamic pressure, which proved to 
be 5 / 3 . The process was then reversed to get the lift 
coefficient of the part of the cargo airplane wing immersed 
in the slipstream. The maximum lift coefficient was then 
obtained by adding the lift as follows: 


Si S2 5 Sz 

°L = °Ll 7 + °L 2 T + 3 Ct 2 S 


where Ctt is the maximum section lift coefficient 
■ U JL 

without flaps = 1.35, 911(1 Cp 2 is the maximum section 
lift coefficient with flaps deflected = 2 . 5 O 


— = 0.^29 

S ' 


— = 0.206 
S 
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J- = O.365 

The additional lift due to the cargo body was not 
considered, since it was assumed that this would be 
nullified by the negative lift required for trim. 

T'hi 3 gives a maximum lift coefficient of 2.62. The 
landing speed in miles per hour is given by 


v - fl He 

h/ c L s 
w 

where — is the wing loading. 

O 

For wing loadings of 1 1 C pounds per square foot (full 
load), 25 pounds per square foot (light load, body on), 
and 20 pounds per square foot (light load, body off), the 
landing' speeds are 78 , 6 l, and 55 miles per hour, respec- 
tively. 


The setting of the wing relative to the body was 
chosen to give a uniform spanwise lift distribution in 
the vicinity of the cargo body at a cruising lift coef- 
ficient of O .75 to secure as high a lift-drag ratio as 
possible. This setting was obtained as follows: 


se-- 


w 


° b 0La b 

i w = a w - a b = angle between the zero-lift lines of wing 
and body. Op = 0.0828 for wing and O.OipO for body. The 
wing incidence was estimated to be 3 • 


STABILITY AND CONTROL CALCULATIONS 


In the stability and control analysis, the geometric 
configurations previously described and the maximum cargo 
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lead of [(.0 percent of the gross weight were assumed. In 
addition,, the following approximations and assumptions 
were made : 


The effects of power were neglected. 

The effect of the vertical location of the 
center of gravity was neglected. 


Ci of the wing and tail were 0.0828 and 

0 . 0720 , respectively, taken from section data (refer- 
ence 3) and corrected for the assumed aspect ratio. 
The ground effect on these lift-curve slopes was 
small and, therefore, neglected. 


Ct = 0.01+. The basis for this 
La b 

given in appendix 3 * 


assumption is 


The aerodynamic centers of the wing, body, and 
tail were considered to be at their respective quarter- 
chord points. 


n 


m 0 = -0*076 

= -0.106 




= 0 


q t /q = 0.9 

is 0.5 in free air and 0.15 near 
a the ground. 


The reduction in downwash near the ground was estimated 
from reference 5* The value of 0»5 in free air was 
obtained from an analysis of pitching-moment data for an 
airplane of similar configuration. It was assumed that 
the trailing vortices shed by the cargo body would cause 
a downwash over the central portion of the tail and an 
upwash over the part of the tail outside the booms, so 
that the average effective downwash on the tail would be 
unaffected by the presence or absence of the cargo body. 


References 6 and 7 indicate an elevator effectiveness 
of 0.7 for the tail configuration used. Data from tests 
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of a tail configuration similar to that of the airplane 
under consideration were used to find the maximum tail 
lift coefficient for the landing condition. Estimating 
the angle of attack of the tail by: 



and using a maximum elevator deflection of -25°, the lift 
coefficient of the tail was estimated at -0-5* 

The tail setting i^ was assumed to be fixed, and 
to be set for trim with zero elevator deflection at a 
cruising lift coefficient of 0,75 with the centers of 
gravity in their normal locations. This tail setting will 
vary with body location and tail area, but an average 
value of about - 7 ° was used. This corresponds to a setting 
of about -3° with respect to the wing chord line. 

Pull flap deflection of 50 ° was assumed for the 
landing condition. The center of pressure of the flap 
lift was assumed to be at 0.55 c * At full deflection, 
a section lift coefficient increment due to the flaps 
was estimated from references 1 and 2 to be 1.15, which 
gives a value of O.65 for Cp^ based on the total wing 

area. 

. o 

a = 16 for the landing condition 

S = I4.375 sq ft, S' = 3875 sq ^6 since 500 sq ft of 
wing area is within the cargo body 

S 

k = 37 = 1.129 


Sb 

S‘ 


0.3555 


^ 

iw = 3 ° 


a b 


0.297 


c 
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The center-of -gravity position varies with the cargo-body 
location according to the following relationship: 


normal position. The neutral point was calculated from 


allowing 

relatione 

ship: 





/, d A 

q t St l 


Sb 

a 

x n _ . 

[A 1 - *0 

q S' c c L a 

t 

S' 

C 

c 

Sb 

/ 

6 e\ 


St 


CL a + ST 

c L a + 1 - 

a b V 

‘3a 

; q 

S' °La t 


S’ is used for calculations with the body on, and 
S is used instead of S' with the body off. 

The tail area required for stability is that area 
which makes x n = x for a given cargo-body location. 

To get the tail area required to trim the airplane 
in the landing condition, the following relationship 
was used: 


k was used for calculations with body on, and was 
not used with body off. 



z b - Z c 

where ~ Q is the location of the cargo ahead of its 



(a + x) 


c 


. (A-7) 


2k 
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APPENDIX E 


The drag data from the tests were broken up into 
several components and plotted in figure 17 for analysis. 

The cargo-body drag increment, when extrapolated to 
zero body width, was not zero. The drag increment at. 
zero body width coincided with the calculated skin friction 
of the sides, as indicated in the discussion of the test 
data. The minimum profile drag of the cargo body was 
estimated from figures 91 and 92 of reference 3 and this 
value was used to '"calculate the drag of the wing-body 
combination with different body widths according to the 

relation; _ 

C D f 


C Do = 


,0 3 ' + G Do„ S b 

°w u b 


The variation of this drag plus the skin friction 
of the sides with body width compared with the measured 
value of the drag of the wing-body combination is shown 
in figure 17. There is a discrepancy of about 0.0028 
between the measured and calculated values of minimum 
drag coefficient at the largest body width. However, tuft 
tests made on the model showed bad flow breakaway around 
the fairly blunt trailing edge of the body, even at 
negative angles of attack. The trailing-edge angle of 
the body section used was about ^>0° , and additional tests 
were made with the trailing edge of the body extended to 
form an angle of about J>0 C . Tuft tests indicated that 
the flow was greatly improved, and force tests showed a 
decrease in minimum drag coefficient of 0.0030. (See 
fig. l6.) These additional tests were made with the wing 
22-inch body-boom combination and the measured value of 
the drag is shown in figure 17. When the decrease in drag 
of this ^combination is subtracted from the measured drag 
of the wing-body combination, the agreement between the 
measured and calculated drag is good. The difference in. 
drag coefficient is 0.0002, which is less then the experi- 
mental error involved. 

It was assumed that the reduction in drag caused 
by extending the trailing edge of the body was due to the 
reduction of the trailing-edge angle to 30°. Since the 
NACA four-digit series airfoils of 25 percent thickness 
have a trailing-edge angle of about 30°j a section. of 
this type was chosen for the cargo-oody configuration. 
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Another consideration involved in choosing the sec cion 
was that it had to enclose the wing plus a cargo space 
about 10 feet high and JpO feet long. The NAG A 6325 sec- 
tion met these conditions, but this section had to be 
modified by re flexing the trailing edge from the oO per- 
cent chord point back to allow ground clearance for the 
body and booms during landing. This modification did not 
affect the tr ailing-edge angle or the cargo space. 

Regardless of the spacing of the booms, the increment of 
drag added to the wing by the booms is shown to be constant. 
(See fig. 10.) The skin-friction drag of the booms was 
calculated at a Reynolds number based on the test velocity 
and boom length, assuming a turbulent boundary layer along 
the boom. The total drag coefficient increment of the two 
booms was 0 , 0078 , while the calculated skin«friction incre- 
ment was 0.0053, or about 8l percent of the total bcom 
drag. The rest was form and interference drag. 

The drag of the wing-body-boom combination, from fig- 
ure 7, was just the simole sum of the drags of the three 
components. The difference between the drag of this 
combination and of the wing-body combination is constant 
and equal to the increment of drag of the booms on the 
wing alone. This indicates that the interference between 
the body and the booms was equal to the skin friction of 
the sides of the body and the part of the booms not exposed 
to the air stream. 

The value of the cargo body-boom drag used in the 
performance calculations in appendix A v;as obtained as 
follows : 

The skin friction of booms similar to those shown in 
figure 18 was calculated at a Reynolds number corresponding 
to the test conditions. To this was added the form drag 
and wing-boom interference, which were assumed to be the 
same as for the large booms used in the tests. The inter- 
ference between the booms and body was assumed to be 
reduced by an amount equal to the skin friction on the 
body sides, and so the calculated drag of a cargo body of 
the same span-chord ratio as that used in the cargo air- 
plane analysis, not including the skin friction of the 
sides, was added to the boom drag. This drag coefficient 
increment of the cargo body-boom combination is shown in 
figure 17, and its value is 0.0102. 

The slope of the lift curve of the cargo body is of 
great interest in all the calculations. Therefore, the 
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value of this slope was estimated from the data of fig 
ures 6 and 9 and checked from simple theoretical con- 
siderations . 


The experimentally estimated slope was obtained by 
subtracting the lift of the part of the wing not covered 
by the body from the lift of the wing-body combination 
at the same angle of attack and getting the resultant body 
lift coefficient based on the body area. The lift coef- 
ficient of the body was then plotted against the angle 
of attack and the slope measured. The method of getting 
the lift, by subtracting one large value from another to 
get a small increment, is not very accurate; therefore, 
the data obtained did not give a very smooth curve. The 
average slope for the 12-inch body was between 0.(45 snd O.O 5 O. 


The slope was then caclulated by replacing the wing 
and the body with two simple, superimposed horseshoe 
vortices, one representing the wing, and the other 
representing the body. 


The angles of attack induced by the vortices on the 
wing and on the body are given by: 

a, ( 3-1 ) 


(L/b)b - (L/b)w 
"qbb 


(3-2) 


The angle of attack of the wing and body are given by: 


Clm — CLf) OL-i 
w U W 1 W 

a K = a n + a 4 + a*. 
b o b i w ib 


(3-5) 

( 3 - 4 ) 


Assuming for the sake of simplicity that the wing is 
at zero incidence . and that the angle of attack of the 
wing is not affected by the body vortex since the body 
span is small compared to the wing span, then a w = 

and 


a 


°w 


a °b + ai b 


(3-5) 
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substituting; for cu from (B-2) 

b 


w 




( L/b ) b _q_ ( L/b ) w 
TT-qbb 


assuming that the section lift-curve slopes of 
and body are equal to 2 tt per radian. 


(L/b)b _ c b (L/b) 


w 


a.. 


c w a o 


w 


combining (B~6) and (B-?), ^ 

( L/b ) w / a °b e£ " °°* ) 

‘° b + "<l b b V a n 


a o w = a-- + 


but 


\ 


7 ' ^ Vv ^La. ^ c w _ 2trqc w 
a o w °w 


then combining (B-8) and (b-9),- 

^ c w / cb n 

L °b + b b ! x Q o b c 


a n = a n , + 
u w 


■'W 


- a 0 ] 
°w / 


/ 2c Vt r \ 

a 1 + — r — 


b h y a °/v 


w ' 


( 1 


2cb) 

b u J 


1 + 


2c-a 


w 


a. 


w 1 + 


2c> 


N ow 


° L % _ > ^ao b 


C r 


a. 


^ a W 


J w 


Cr 


Ml, 


'w 


(b- 6) 
both wing 

(B-7) 

(B-8) 

(B-9) 


( B-10 ) 
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but since Cr = C L 
°b 


'w 


CLa b _ a °b 


C L, 


a v« 


a. 


w 


(3-11) 


Therefore, combining (B-10) and (3-11), 

i + 

kb 


° L a^ ° L a w 2 


1 + 


(B-12) 


For the test conditions with the 12-inch body, 

2 x 12 


1 + 


Cl - 0.09b 
a b 


12 


1 + 


2 x 30.2 
12 


= 0 . Ol|_77 P er degree 


which checks very well with the experimental value esti- 
mated from figure 12. The corresponding value for the 
full-scale airplane configuration is Ct. = 0.0352, The 

a b 

value used in the analysis was slightly higher, since it 
was assumed that the booms would increase this value 
slightly. 


As an additional check, the angle of zero lift of 
the wing-body combinations tested was calculated and 
compared with the measured values. 


a L 0 




s b + a L 0 




+ Or 

Li { 


s w 

n ™ 
u w 


(B-15) 


where q,t is the angle of zero lift oi a conventional 
L °b 

NACA section having approximately the same thickness and 
mean camber line as the cargo-body section, = -2.0°. ( 

a r is the wing angle of zero lift from figure c, = -l+.l 
°w 

Ct is the value calculated for each body width. 

La b 

The comparison between measured and calculated values of 
the zero lift angle is shown in table III. 
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TABLE I 


Specifications of proposed cargo airplane design: 


Weights 


Pounds Percent 
of gross 


Empty airplane with no cargo body c . 80,000 


Cargo body 17,500 

Cargo and/or fuel 70,000 


Crew, oil, and fuel (minimum) .... 7,500 


U5.71 

10 



Gross 175,000 100.00 

Wing 

Area (including area covered by body), sq ft . . 1|375 

Span, ft ....... 200 

Aspect ratio S-15 

Mean aerodynamic chord, ft 21,9 

Airfoil section NACA I 4.318 

Incidence (between wing chord line and 

body chord line ) 2 ° 


Wing flaps 

Type slotted 

Chord 25 percent wing chord 

Span 50 percent wing span 

Angular deflection 50° down max. 


Body 

Area, sq ft 1300 

Span, ft 20 

Chord, ft 65 

Section NACA 6325 (modified) 


Cargo space, ft (approximately) ... I 4.0 by 20 by 10 


Horizontal tail 
Area . . . . 


(original design) 

........ 900 sq ft 


Span , f t . . . . 
Chord, ft ... . 
Aspect ratio . . 
Airfoil section . 
Elevator area . . 


6I4- 


NACA 0009 

390 sq ft 


Tail length (from c /Ip of wing 
to c /% of tail) 


20.6 percent 
wing area 


lj.3.5 percent 
tail area 

320 percent 

M.A.C. 


70 ft 
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TABLE I - ConcD.uded 


Engines 

Type Wright R-3350 

Number h- 

Take-off horsepower .... 2300 

Normal rated horsepower 2200 at 25 OO ft 


Propellers 

Number of blades 
Diameter, ft .... 

Normal centers of gravity 

Aire lane center of gravity, body off. • at 30 percent 

M.A.C. 

Center of gravity of cargo body .... at 35 percent 

of body chord 

Center of gravity of cargo at 55 percent 

of body chord 
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TABLE II 


♦ 


% 


Load 

condition 

F ax? mum 
level 
speed 
(mph) 

Maximum 
rate of 
c li mb 
(fpm) 

Speed for 
best climb 
( mph ) 

Landing speed I 
with 1/2 rate : 
power 
(mph) 

Maximum range 

at 

a Max, L/D 

(17*1) 

(miles ) 

D Min . bph 

(i+ 760 ) 

(miles ) 

c b000 bph 

(miles ) 

.. j 

Body on, 


j 





| 

gross ’weight 

209 

637 | 

ll+2 

78 

6i+io 

5400 

4550 

( 175,000 lb) 




1 

1 

j 




Body on. 




1 


1 1 

| | 

1 

I 

light load 

216 

11+65 

123 

61 




(110,000 lb) 




1 

j 

1 



Body off. 








light load 

231 

2060 

125 

55 

1 

1 


(37,500 lb) 






1 

i 

1 


a At an 
^At an 
c At an 


average cruising speed 
average cruising speed 
average cruising speed 


of 135 wiles per hour 
of 155 Miles per hour 
of l80 miles per hour 
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TABLE III 


3ody width 
( in . ) 

' 

Calculated a-r 

"0 

(deg) 

Experimental a r 

^0 

(deg) 

it 

-3-98 

-k-o 

12 

-3*68 

-3*7 

22 | 
- 1 

-3*51 

_ _i 

-3*35 
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POt-d /nof&S orf (Qar'cjo &c> <d c/ ProO //e. 


Sta. 

o 

.377 

.755 

/■5/ 

2.27 

3.02 

453 

6.06 

7.55 

9.06 

/2.CS 

15.10 

/8J2 

2U6 

24 J 6 

27/8 

2JB69 

30.2 

Upper 

O 

.98 

/.39 

f.97 

2.4/ 

2.75 

3.29 

3.7/ 

6.0/ 

6.22 

4.37 

4.28 

4.0/ 

3.44 

2.62 

/.50 

.78 

O 

L-ouser 

o 

-.99 

-/. 2 4 

7.63 

-2.0/ 

-2.26 

-260 

-2.86 

-3.0! 

- 3.10 

- 3.17 

- 3.10 

-229 

-252 

7.96 

772 

-.58 

0 
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(a) Wing, 22-inch cargo body, and booms. 


Figure 2.- 


Cargo body and boom configurations tested. 
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(b) Wing and 22 -inch cargo body. 
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(c) Wing and booms. 



(d) Wing and booms, with increased chord wing between booms. 

Figure 2;- Concluded. 
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(a) Conventional rectangular body. 
Figure 4.- Conventional body configurations tested. 
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(b) High wing and circular body. 
Figure 4.- Continued. 
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Figure 5.- Cargo model mounted in wind tunnel. 


L-541 


MR No. L5E09a 



. 


Figure 5.- Concluded. 
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Figure I drThree- view drawing of proposed cargo 
a/ r plane. 
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